Therapeutic vaccines are currently developed for chronic viral infections, such as human papillomavirus (HPV), human immunodeficiency virus (HIV), herpesvirus and hepatitis B (HBV) and C (HCV) virus infections. As an alternative to antiviral treatment or to support only partially effective therapy a therapeutic vaccine shall activate the patient's immune system to fight and finally control or ideally even eliminate the virus. Whereas the success of prophylactic vaccination is based on rapid neutralization of the invading pathogen by antibodies, virus control and elimination of infected cells require T cells. Therefore, induction of a multi-specific and multifunctional T-cell response against key viral antigens is a paradigm of therapeutic vaccination -besides activation of a humoral immune response to limit virus spread. In this review, we describe options to develop a therapeutic vaccine for chronic viral infections using HBV as a promising example.
Introduction
Any acute viral infection may be resolved, kill the host or become chronic. When becoming chronic, viral replication and spread and the host immune response balance each other. To establish chronic viral infection (i) a virus must evade complete elimination and (ii) the immune system has to limit viral replication and antigen production to a level that avoids permanent damage of the infected tissue, because unrestrained immune attack on virus antigen-bearing cells causes immunopathology (Virgin et al., 2009) .
Some viruses, such as herpes and papovaviruses have co-evolved with humans over millions of years and manage to persist in the host without causing overt disease. They only become pathogenic when the host immune system is suppressed, e.g. by medical treatment. The fact that most of us do not show obvious symptoms of these infections marks these viruses as part of the human metagenome efficiently controlled by the immune system of normal individuals without causing any harm (Virgin et al., 2009) .
In other chronic viral infections, such as HIV or HPV infection or viral hepatitis, an immune response, which cannot clear the infection but continuously fights it, is largely responsible for pathogenicity. Therefore, HIV, HPV, HCV and HBV are the main targets for therapeutic vaccination aiming at virus elimination or at least complete immune control of virus replication and antigen production. However, it remains to be proven that a therapeutic vaccine is able to achieve virus elimination or sustained virus control. So one may ask the question: which is the ideal target to optimize the design of therapeutic vaccines and prove their efficacy?
Chronic viral infections as a target for therapeutic vaccines
Persistent viruses, which cause disease or tissue damage, are the primary target for a therapeutic vaccine since there is an obvious medical need. HIV, HBV and HCV cause long-term damage to the host or the infected organ. HPV does not cause obvious disease but -as HBV and HCV -sets the infected host at risk to develop cancer.
HIV cannot be eliminated by an immune response since it persists by integrating into the genome of several immune cells (Finzi et al., 1999) . There may be a chance to control HIV replication by a therapeutic vaccine and to prolong disease progression as it is observed in long term non-progressors (Gudmundsdotter et al., 2006) . So for HIV, sustained virus control but not virus elimination can be goal of therapeutic vaccination.
HBV, HCV and HPV can be eliminated by the immune system after acute infection or sometimes even when the immune balance in chronic infection tips. Since shifting this balance towards immune control is the aim of therapeutic vaccination, those viruses are primary targets for a proof-of-concept of therapeutic vaccination.
Current therapy is able to eliminate HCV in about 50-80% of patients and a series of new and more potent antivirals (e.g. protease inhibitors) will be available in the near future. Treatment results should be awaited to decide whether there is still a need for a therapeutic vaccine (Manns et al., 2007; Munir et al., 2010) . HBV cannot be cleared by currently available antiviral therapy and therefore requires long-term antiviral treatment, which is costly, often selects for drug-resistant viral variants and may have long-term side effects (Cornberg et al., 2011) . So there is a need for alternative treatment approaches. For HBV highly effective and safe prophylactic vaccines are available. These, however, showed no effect in the setting of chronic infection (Dienstag et al., 1982; Heintges et al., 2001; Dahmen et al., 2002; Hildesheim et al., 2007) , indicating the need for a specific therapeutic vaccine design. We here focus on the options to design and develop a therapeutic hepatitis B vaccine.
Chronic hepatitis B as a target for therapeutic vaccines

HBV, liver disease and cancer
HBV infects the liver of humans or humanoid primates. In humans, HBV infection often causes an inflammatory liver disease -hepatitis B. The virus is transmitted by perinatal, percutaneous and sexual exposure, as well as by close person-to-person contact among young children presumably by open cuts or sores. Vertical transmission from mothers to their neonates, or infection during the first year of life, results in persistent, often life-long infection in > 90%. In contrast, infection during adulthood is cleared in > 95% of cases, and results in life-long protective immunity. The outcome of HBV infection and pathogenesis of liver disease are immunemediated and thus determined by the virus-host interaction (Ganem and Prince, 2004) .
Liver disease is characterized by necro-inflammation, continuous hepatocyte turn-over and progressing tissue damage. Liver damage results in liver fibrosis or cirrhosis often laying the ground for hepatocellular carcinoma (HCC). The major risk factor for cancer development is the level of virus replication determined by the level of viraemia (Chen et al., 2006) . Thus, the primary aim of any therapy for chronic hepatitis B is suppression of viral replication and remission of liver disease. The long-term goal of treatment is the elimination of the virus in order to prevent disease progression to cirrhosis or HCC.
The clinical course of HBV infection is highly variable (Hoofnagle et al., 2007; McMahon, 2009) . Acute infection can be asymptomatic, lead to self-limiting, acute hepatitis B or even result in fulminant liver failure. Chronic HBV infection is defined by virus persistence for more than 6 months -defined by positive serum testing for hepatitis B surface antigen (HBsAg). A major fraction of the HBVspecific humoral immune response is mounted against HBsAg, which is composed of three membrane-bound envelope proteins. These three proteins are called large (L-), middle (M-) and small (S-) envelope protein and share a common C-terminus, the S-domain. Compared with the S-protein, the M-protein has an N-terminal extension of 55, the L-protein of 108 amino acids. Resolution of HBV infection is characterized by loss of HBsAg and seroconversion to anti-HBs antibodies.
The hepatitis B e antigen (HBeAg) is a non-particulate, secreted form of the viral capsid protein, which is called hepatitis B core antigen (HBcAg). HBeAg-specific antibodies (anti-HBe) appear late during infection and indicate a favourable outcome of infection. In acute hepatitis, clinical recovery is associated with loss of serum HBeAg and seroconversion to anti-HBe. In chronically evolving hepatitis clearance of serum HBeAg and development of anti-HBe mark the transition from high replicative to a low replicative, inactive hepatitis B.
If infection is acquired after birth it is usually highly replicative (HBV DNA > 200 000 IU ml (Cornberg et al., 2011) . Sometimes, HBsAg persists without detectable HBV replication. These patients still can transmit the virus by blood or organ donation.
HBV persistence forms
To prevent late complications of hepatitis B as well as transmission to other individuals, the final goal in hepatitis B therapy must be eradication of HBV-infected hepatocytes. The virus establishes a stable, circular DNA as a minichromosome in the nucleus of infected cells, the so-called covalently closed circular (ccc) DNA, which serves as a transcription template and allows the virus to persist without any replication. HBV cccDNA-positive cells
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can drive viral rebound and recurrence of disease in the absence of a strong T-cell response (Levrero et al., 2009) . HBV cccDNA may persist at low copy numbers in infected cells for months or years, but is probably lost during cell division. However, RNA-and DNA-containing capsids can readily replenish cccDNA in the nucleus of infected cells (Zhang et al., 2003) . Therefore, only a complete block of replication for a time span sufficient to get rid of existing cccDNA molecules by natural turn-over will allow elimination of HBV cccDNA.
A hallmark of HBV cccDNA persistence is expression of the small surface (S) protein, which is secreted as HBsAg. When sustained immune control is achieved, HBsAg becomes bound and neutralized by anti-HBs antibodies, a process described as anti-HBs seroconversion. However, some cccDNA positive cells may persist despite anti-HBs seroconversion.
Direct antiviral therapy
Current treatment options for chronic hepatitis B depend on interferon (IFN) a and direct antivirals, i.e. nucleoside or nucleotide analogues. Although there now are seven approved therapies for HBV infection [two IFN formulations and five nucleos(t)ide analogues], elimination of the virus is hardly achieved (Cornberg et al., 2011; Kwon and Lok, 2011 ). An important risk factor associated with progression of HBV-related liver disease and development of HCC is high viraemia (Chen et al., 2006) . Therefore, current therapeutic goals are sustained suppression of HBV replication and remission of liver disease although HBsAg clearance and anti-HBs seroconversion are desired (Cornberg et al., 2011; Kwon and Lok, 2011) .
Nucleos(t)ide analogues inhibit the viral reverse transcriptase and usually are well tolerated. They control HBV replication but rarely eliminate the virus. HBV cccDNA persists in the host cell nucleus, continues to produce HBsAg, and may drive a viral rebound and recurrent disease if the treatment is stopped. Continuous treatment for a long time is required, which often selects resistant viral variants. Emergence of antiviral-resistant mutations can lead to negation of the initial response, and in some cases hepatitis flares and hepatic decompensation (Hoofnagle et al., 2007) .
HBV elimination will depend on the half-life of cccDNA and on the long-term efficacy of antiviral treatment, which may be reduced by the selection of drug-resistant viral variants (Levrero et al., 2009) . The exact half-life of HBV cccDNA is not known. Data in chimpanzee livers suggested a half-life between 9 and 14 days during immune clearance (Wieland et al., 2004) ; in the duck and woodchuck models of HBV infection, cccDNA halflife is between 35 and 50 days in the absence of an effective immune response (Zhu et al., 2001; Addison et al., 2002) . The long cccDNA half-life in addition to the fact that every possible viral mutant is produced daily in an infected individual, makes viral clearance by direct antivirals very unlikely. Clinical observations support this notion and show that even very effective antivirals such as tenofovir in 3-8% of patients lead to HBsAg seroconversion over 3 years (van Bommel et al., 2010; Heathcote et al., 2011) .
Theoretical options for direct targeting of HBV cccDNA are designer molecules like, for example endonucleases fused to a modular zinc finger motive binding to HBV sequences that could specifically cleave HBV cccDNA. This approach -as many other gene therapy approaches -is directly acting in the infected cell. A major hurdle for these approaches, however, is appropriate delivery into all infected hepatocytes, which will hardly be achieved but necessary to clear the virus.
Taken together, true cure of infection (loss of HBsAg and sustained disappearance of viraemia, as measured by stringent PCR assays) is achieved only infrequently with current antivirals (Kwon and Lok, 2011 ). An increasing number of antiviral drugs targeting reverse transcription but also other steps in the viral life cycle are currently developed, which might improve treatment outcome in the future (Wu et al., 2007) . However, without an efficient immune response, long-time treatment is required. Major concern for long-term treatment is efficacy and safety, but also high treatment costs (Hoofnagle et al., 2007) . Inducing an efficient HBV-specific immune response -ideally after the amount of infected cells has been reduced to a minimum by direct antivirals -provides an interesting alternative to achieve sustained virus control and be able to stop antiviral treatment.
Immunomodulatory therapies
Interferon-a was the first therapy approved for chronic hepatitis B and is currently used in pegylated forms with longer serum half-life (Cornberg et al., 2008) . Interferon-a has direct antiviral effects as well as immunomodulatory properties (Tang et al., 2005) . It therefore should stimulate the host immune response to eliminate the virus. However, its side effects (e.g. induction of hepatitis flares, fever, myalgias, thrombocytopenia and depression) make it a difficult treatment for many applications and exclude therapy of advanced or decompensated liver disease. In addition, therapeutic effects are limited: only about 20% of HBeAg-positive patients profit from IFN-a treatment, seroconvert to anti-HBe and lose serum HBV-DNA. Although HBeAg-negative patients have a better response rate, response is not durable in most cases (Hoofnagle et al., 2007) . Loss of HBsAg is achieved in 8-10% of patients with PEG-IFN-a (Marcel-lin et al., 2009) and may further increase during longterm follow-up (Moucari et al., 2009) .
Other cytokines with antiviral activity that nonspecifically enhance host immune responses, such as IFN-g, interleukin (IL)-2, IL-12 or IL-18, had little effect on HBV replication or disease activity in humans (Loomba and Liang, 2006) .
A potentially promising strategy to clear chronic HBV infection is therapeutic vaccination, which aims to eliminate persisting virus by specifically stimulating endogenous antiviral immune responses. However, it represents a still unresolved challenge to generate effective antiviral T cells during chronic HBV infection due to the tolerogenic environment in the liver, which is the site of HBV replication (Crispe et al., 2006; Thomson and Knolle, 2010) and the high HBV antigenic load present in the infected host (Webster et al., 2004) . As the liver is involved in the clearance of foreign antigens from the gastrointestinal tract unnecessary activation of the immune system is avoided by induction of peripheral tolerance towards these antigens (Knolle and Gerken, 2000) .
Non-parenchymal liver cells such as resident dendritic cells (DC), liver sinusoidal endothelial cells, Kupffer cells as well as hepatic stellate cells (Ito cells) contribute to the tolerogenic nature of the liver. These cells are capable of expressing anti-inflammatory cytokines (e.g. IL-10 and TGF-b) and inhibitory cell surface ligands (e.g. PD-L) negatively regulating T-cell activation (Thomson and Knolle, 2010) .
Novel approaches, which are discussed to activate immune responses, are stimulation of pattern recognition receptors, inhibition of IL-10 or interfering with PD-1 or CTLA-4 inhibitory signals. These approaches will have to undergo pre-clinical and clinical testing. There is some scepticism that they will be able to induce a strong enough HBV-specific immune response without causing severe side effects, but they may proof useful in combination with an antigenic stimulus, i.e. a therapeutic vaccine.
Understanding immune responses is the basis for therapeutic vaccine design
While a correlation between the strength of HBV-specific T-cell responses and virus clearance has been established, factors determining the strength of a T-cell response as well as factors shifting the balance from immune tolerance to immune clearance are hardly understood (Rehermann and Nascimbeni, 2005) . The innate immune response, early adaptive B-and T-cell responses, regulatory T cells, the liver microenvironment as well as peculiar properties of hepatocytes and nonparenchymal liver cells to present antigen (Thomson and Knolle, 2010) seem to play a role. Understanding the immunological mechanisms that contribute to HBV clearance or chronicity is of utmost importance for rational design of an effective immunotherapy.
Our understanding of host immunity and viral immune evasion comes largely from studies of resolving acute HBV infection (Webster et al., 2000; Thimme et al., 2003; Dunn et al., 2009) . Upon resolution of acute infection, the immune system turns to an uninfected but memory-armed state including quiescent but easily triggered memory B and T cells, as well as plasma cells that continuously produce antibodies (Virgin et al., 2009) . In chronic HBV infection, innate and adaptive arms of the immune system are involved in the control and elimination of an HBV infection.
Innate immunity to HBV infection
Innate immune responses are crucial for early containment of viral infections and favour a timely and efficient induction of virus-specific adaptive responses. Innate immune responses are essential for elimination of the virus but also contribute to immunopathology (Rouse and Sehrawat, 2010) . There is, however, a still ongoing debate about the role of the innate immune system and about how adaptive immunity is triggered thereby. In recent years, there is emerging evidence that the innate immune system plays an important role in influencing both the outcome of acute HBV infection and the pathogenesis of liver disease (Das and Maini, 2010) .
Systemic innate immune responses involve macrophages and DC as well as natural killer (NK) cells. A number of cells may be involved in local innate immune responses towards HBV in the liver (Bauer et al., 2011) ; these include hepatocytes and non-parenchymal liver cells, such as liver resident macrophages (Kupffer cells), liver sinusoidal endothelial cells, liver resident myofibroblasts and liver resident DC, together with intrahepatic lymphocytes such as NK cells and NK-T cells. The large number of cells potentially involved in innate immunity against HBV demonstrates the complexity of this response (Thomson and Knolle, 2010) .
Adaptive immune responses
Although there is increasing evidence that an impairment of the innate immune response contributes to chronicity, the hallmark of chronic HBV infection is the lack of a robust HBV-specific CD8+ and CD4+ T-cell response (Wang and Zhang, 2009; Rouse and Sehrawat, 2010 Rehermann and Nascimbeni, 2005) .
Several mechanisms are proposed to contribute to immunological failure during development of chronicity. Hyporesponsiveness of specific T cells can be caused by deletion via apoptosis and functional tolerance. Functional tolerance of HBV-specific T cells is characterized by anergy or exhaustion, dysregulation of cytokine production and expression of inhibitory receptors (Fisicaro et al., 2010) . Functional T-cell tolerance is probably caused by continuous exposure to high levels of viral antigens (Kakimi et al., 2002) . Das and co-workers suggest that functional skewing of lymphocyte subpopulations, which contributes to the failure of viral control additionally, favours the inflammatory liver environment (Das et al., 2008) . According to their data intrahepatic CD8+ T cells are impaired in patients with chronic HBV infection regardless of their specificity. Compared with healthy donors a large influx of non-antigen-specific CD8+ T cells into the liver was observed. These liver-associated CD8+ T cells show poor IL-2 production and proliferative capacity but maintain their capacity to produce pro-inflammatory cytokines.
In addition, CD4+Foxp3+CD25 high regulatory T-cell (Treg) frequencies are increased in chronic HBV infection. They do not only suppress effectors of the immune response to HBV, thereby contributing to HBV persistence, but also exhibit protective effects by limiting liver immunopathology (Stoop et al., 2005; Manigold and Racanelli, 2007 ; L. Stross and U. Protzer, manuscript submitted). To terminate persistent viral infection the mechanisms underlying T-cell tolerance and hyporesponsiveness need to be overcome by an effective therapeutic vaccine without promoting immune-mediated liver damage. Counteracting Treg-mediated suppression by selective depletion of Treg prior to therapeutic vaccination is one possible approach, but it is essential to investigate whether short-term suppression of Treg is sufficient and to ensure that inhibition of Treg activity does not mediate autoimmunity.
Multifunctional and multi-specific CD4+ as well as CD8+ T cells, secreting IFN-g, TNF-a and IL-2 are required for control or elimination of viral infections including HBV (Thimme et al., 2003; Seder et al., 2008) . Hence, for induction of efficient CTL any therapeutic vaccine should elicit an additional Th1 type CD4+ helper response. Elimination and protective immunity, however, requires also T cell-dependent B-cell responses, which guarantee production of sufficient amounts of neutralizing antibodies (Rehermann and Nascimbeni, 2005) . Innate immunity needs to be activated to ensure appropriate presentation of vaccine antigens and provide immune-stimulatory signals for efficient priming of B and T cells. For this purpose potent vaccine adjuvants are needed, which, by activation of pattern recognition receptors, induce pro-inflammatory signals required for priming and modulation of the adaptive immune responses (Coffman et al., 2010) .
Therapeutic vaccine approaches used for chronic hepatitis B
During past years a series of different therapeutic vaccination strategies (protein-based vaccines, DNA/peptide vaccines, cell-based vaccines) have been investigated using different animal models (i.e. HBV-transgenic mice, woodchuck hepatitis virus model or chronically HBVinfected chimpanzees) (Kosinska et al., 2010) . Several of those strategies have reached clinical development stages with different outcomes (reviewed in Beckebaum et al., 2002; Akbar and Onji, 2005; Michel et al., 2011) . Ideally, one would create vaccines that have all the properties of natural pathogens with the exception of causing disease. Key features of pathogens that can be mimicked by vaccine delivery systems are their size, shape and surface molecule organization. In addition, pathogenassociated molecular patterns can be added to induce innate immune responses that promote adaptive immunity (Bachmann and Jennings, 2010) . Figure 1 summarizes most important approaches used for therapeutic vaccination of chronic hepatitis.
Protein or peptide-based vaccines
First attempts were based on available prophylactic vaccines, alone or in combination with IFN-a, lamivudine or IL-2 (Dienstag et al., 1982; Heintges et al., 2001; Dahmen et al., 2002) . However, these recombinant protein-based vaccines were not able to induce a sustained immune response sufficient to control chronic hepatitis B in larger patient cohorts (Hilleman, 2003) . Failure was mainly attributed to the fact that the aluminum adjuvanted vaccines induce a pronounced Th2-type immune response and do not stimulate a CTL response.
Hence, alternative therapeutic vaccine formulations were developed to induce a potent CTL response. The first candidate tested was a lipopeptide, Theradigm, containing an HBcAg18-27 HLA-A2-restricted peptide epitope and a universal tetanus toxoid T helper cell epitope . Theradigm induced a CTL response against HBcAg18-27 in HLA-A2-positive healthy volunteers (Vitiello et al., 1995) , but had no therapeutic effect in chronic hepatitis B patients (Heathcote et al., 1999) .
In a more recent approach HBsAg adjuvanted with monophosphoryl lipid A (MPL) and QS21 in an oil-in-water emulsion induced HBsAg-specific T cells in healthy volunteers (Vandepapeliere et al., 2008) . However, despite the generation of an HBsAg-specific T-cell response and anti-HBs in HBeAg-positive patients co-treated with the antiviral drug lamivudine, no superior clinical effect was observed in terms of HBeAg seroconversion compared with lamivudine alone (Vandepapeliere et al., 2007) . Similarly, HBsAg complexed with anti-HBs showed only minor effects in clinical studies (Xu et al., 2008) . All these approaches had in common that a single HBV antigen or peptide epitope was included in the vaccine, although induction of multi-specific CTL responses are key for resolution of HBV infection (Thimme et al., 2003; Webster et al., 2004) .
Including the more immunogenic pre-S domains of the M and L HBV envelope proteins (Milich et al., 1985) into vaccine formulations as well as using different HBsAg subtypes may be an option to induce more potent B-and T-cell responses (Schirmbeck et al., 2003 Schumann et al., 2007 .
Improvement of protein-based vaccination has been achieved by combining HBsAg with HBcAg, as the latter is known to have excellent immunogenic properties. HBcAg is able to enhance priming of T cells via activation of B cells enabling them to act as potent primary antigen presenting cells (Milich et al., 1997; Lazdina et al., 2001) . Additionally, it can activate Toll-like receptor (TLR-) signalling through nucleic acids bound to its arginine-rich region (Aguilar et al., 2004; Storni et al., 2004) . HBcAg is thus qualified for use as a potent adjuvant when aiming to generate HBV-specific T cells as well as T cells towards heterologous antigen, e.g. HCV or tumor-derived antigens (Chen et al., 2011) . When HBcAg is mixed with HBsAg, highly immunogenic super structures are formed. Such an HBsAg/ HBcAg vaccine is able to break tolerance in HBV transgenic mice when combined with the Iscomatrix adjuvant (Buchmann and Protzer, manuscript in revision) and proved safe in phase I trials in healthy volunteers and chronic hepatitis B patients (Buchmann and Janowicz, pers. comm.). Another combination vaccine induced humoral immune responses against both antigens when applied intra-nasally in a phase I clinical trial with HBVnaïve healthy volunteers (Betancourt et al., 2007) . In chronically HBV-infected patients, it showed encouraging preliminary results with HBV-DNA decreasing in 11 out of 20 therapy-naïve patients (M.A. Mamun, S.M.F. Akbar, S. Rahman, J.C.R. Aguilar, S. Mishiro, Poster presentation, The International Liver Congress 2010)
Reduction of viral and antigen load prior to vaccination using antiviral compounds provides a potential improvement of vaccine efficacy. Inhibition of viral replication through nucleos(t)ide analogues can lead to transient CD4+ T-cell responses in chronic hepatitis B patients (Boni et al., 1998) . Further evidence for sustained therapeutic effects of combined antiviral treatment and vaccination has been gained in the woodchuck model (Menne et al., 2002; Roggendorf et al., 2010) . Instead of co-administration, it seems to be rational to apply antiviral pre-treatment prior to vaccination (Horiike et al., 2005) to lower the load of antigen most likely responsible for tolerance induction.
Taken together, protein-based vaccination strategies combining HBsAg and the highly immunogenic HBcAg are a promising approach to reduce viral load and induce seroconversion in chronically HBV-infected patients. It seems, however, not be sufficient to clear HBV infection. Therefore, a subsequent Th1-/CTL-inducing vaccine may be necessary to induce an effective multi-specific HBVspecific T-cell response finally enabling clearance of infected hepatocytes and elimination of the virus.
Genetic vaccines
In contrast to protein-based vaccines, predominantly aiming at the induction of humoral immune responses (e.g. neutralizing antibodies), a classical approach to elicit CTL responses are genetic vaccines. DNA vaccines have been tested in numerous preventive and therapeutic settings of viral infections and malignancies (reviewed in Liu, 2011) .
Chronic hepatitis B patients previously not responding to standard treatment were vaccinated with an HBsAgexpressing DNA vaccine (encoding for S and preS2 domains of HBV envelop proteins). Although HBV-DNA levels decreased in 5 out of 10 patients, vaccine-induced T-cell responses were only transient (Mancini-Bourgine et al., 2004) . Rather disappointing results were obtained in a clinical trial in 30 therapy-naïve highly replicative HBV carriers vaccinated with S/preS2 HBsAg-based DNA vaccine (GenHevac B) although the vaccine was safe and well tolerated. No significant benefits and clinical effects (reduction of HBV viraemia or HBeAg/anti-HBe seroconversion) were observed compared with 17 non-treated individuals (Yalcin et al., 2003) .
Enhanced efficacy of DNA-based therapeutic vaccination was achieved by combining a poly-domain DNAvaccine (encoding for S, preS1/S2, core, polymerase and X proteins) with human IL-12 and antiviral drug treatment Im et al., 2009) . Besides reduction of HBV-DNA levels and HBeAg seroconversion in 50% of patients, a multi-specific T-cell response was induced. Importantly, in 15% of patients HBV-DNA remained undetectable 3 years after therapy was ceased. This holds some promise for genetic vaccination adjuvanted with immune stimulatory cytokines.
As shown by numerous studies immunogenicity of genetic vaccines can be enhanced by heterologous prime/boost vaccination usually applying DNA prime vaccination followed by a viral vector boost vaccination (Woodland, 2004) . Genetically engineered poxviruses are among the most extensively tested viral vectors with one of the most promising being the modified vaccinia Ankara (MVA) virus (Mayr et al., 1978; Sutter and Moss, 1992) . Due to its excellent safety record as a smallpox vaccine and its immunostimulatory properties MVA-vectored vaccines are in clinical development of prophylactic vaccines against several pathogens (e.g. HIV, influenza virus) (Paris et al., 2010; Berthoud et al., 2011) . Recombinant MVA has furthermore shown immunogenicity in therapeutic vaccination against HIV (Cosma et al., 2003; Kutscher et al., 2010) .
In chronic hepatitis B the rationale for a DNA prime/ poxviral boost vaccination stems from a chimpanzee study using HBsAg-based DNA prime (encoding S protein) followed by canarypox boost vaccination (encoding for S, preS1/2) leading to HBV-DNA loss for more than 3 years (Pancholi et al., 2001) . Based on these encouraging data a DNA/MVA prime/boost (S/preS2) regimen was designed and finally investigated in a clinical trial in The Gambia (Cavenaugh et al., 2011) . Different doses and application routes were tested in a cohort of chronic hepatitis B patients with or without additional treatment with the nucleoside analogue lamivudine. The treatment was well tolerated but did not add any beneficial effects to standard antiviral treatment in terms of reducing viraemia or inducing HBsAg-specific T-cell responses (Cavenaugh et al., 2011) . The disappointing results may be explained by the choice of antigen: vaccination with S alone has been insufficient to generate multi-specific and strong T-cell responses. In addition, most study participants acquired HBV infection around birth or during early childhood and likely showed profound immune tolerance.
Although so far rather disappointing, these studies help to broaden our knowledge about how therapeutic vaccines work. They show how important proper selection of patient groups as well as optimal vaccine design is.
Cell-based immunotherapies
Transfer of peptide-loaded antigen-presenting, autologous DC, is a therapeutic strategy for induction of T-cell responses currently under intensive investigation in cancer immunotherapy (Ueno et al., 2010) . A DC vaccine, primed with either HBV core-or preS2-derived peptides were administered to 380 patients resulting in HBV viraemia below detection levels in almost 50% of HBeAg negative, but rarely in HBeAg positive patients. DC vaccinated patients normalized ALT levels and restored antiviral immunity without major side effects (Luo et al., 2010) .
Alternative approaches are still rather experimental. Dendritic cells can be effectively pulsed with subviral HBV particles and induce specific immunity in mice (Farag et al., 2010) . Pulsing with HBsAg and core particles was able to break tolerance in HBV transgenic mice and induced proliferation of autologous T cells from chronic hepatitis B patients in vitro (Akbar et al., 2010) . Clinical proof of these effects, however, is missing.
T cell-based therapies are a valid alternative to vaccination strategies. Adoptive T-cell transfer, i.e. infusion of various effector T-cell subsets, aims at eliminating, e.g. tumour cells or virus infected cells (June, 2007) . For hepatitis B, the concept is based on a clinical observation. HBV-infected cancer patients occasionally received human progenitor cell transplants from HBV-immune individuals. In a long-term follow-up study, 20 of 31 of such recipients cleared their HBV infection (Hui et al., 2005) . These results encourage the development of adoptive T-cell transfer strategies for the treatment of chronic viral hepatitis.
Since HBV-specific T cells can hardly be expanded from HBV-infected patients and bone marrow transplantation is limited by its side effects, an alternative strategy is currently developed: adoptive transfer of receptormodified T cells (reviewed in Hawkins et al., 2010; Protzer and Abken, 2010) .
For this approach either cloned T-cell receptor a and b chains or artificial chimeric antigen receptors (CAR) can be used. CAR are composed of an antigen-binding domain, which is frequently a single-chain antibody, and a signal-transducing unit, often derived from the CD3 z chain optionally fused to the co-stimulatory CD28-signalling domain (Abken et al., 2003; Riddell and Protzer, 2010) . By grafting autologous T cells with CAR or cloned T-cell receptor a and b chains (Bohne et al., 2008; Gehring et al., 2010) , HBV specificity can be genetically introduced into T cells of chronic hepatitis B patients. These grafted T cells are then transferred back into the patient (Protzer and Abken, 2010) .
Although very promising, the most striking disadvantages of cell-based vaccines and T-cell therapies are the high costs and the complex on-site requirements for production and application. It is therefore very unlikely that they will provide a suitable treatment for the majority of the 370 million chronically HBV-infected patients.
Concluding remarks: implications for the design of therapeutic hepatitis B vaccines
Ideally, both innate and adaptive immune responses should be triggered by HBV-specific therapeutic vaccination leading to a strong and multi-specific T-and B-cell immunity against several HBV antigens. Therapeutic vaccinations for chronic HBV infection aim to overcome immunosuppressive effects mediated by high antigen load, the tolerogenic liver environment, but also T-cell dysfunction induced, e.g. by increased Treg activity.
Since T-cell responses do not only contribute to virus control but also to disease progression, it is of importance to avoid inducing a weak T-cell response, which does not clear the virus but may cause persistent tissue damage when stimulating the immune system by a therapeutic vaccine. Monitoring of viral parameters allows us to define successful T-cell responses, but characteristics of such T cells are still merely defined. In addition, further research is needed in order to tailor therapeutic hepatitis B vaccines to induce an adaptive immune response that is able to control infection without shifting towards immunopathology.
For validation of any approach, patient cohorts should be selected carefully and stratified according to criteria influencing the degree of immune tolerance such as the route of transmission, age at HBV infection and duration of infection, as well as antigen levels and presence of immunosuppressive cells (e.g. regulatory or exhausted T cells). We need immunotherapeutic clinical trials in which immunologic mechanisms are monitored in detail. If vaccine immunogenicity was investigated at all in former trials, applied methods differed significantly between studies, precluding direct comparison of results. To improve immunotherapies for any chronic infection standardized and reliable immune monitoring will be essential (Janetzki et al., 2009) . Detailed investigation of the differ-
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ent subsets of HBV-specific CD4+ and CD8+ T cells as well as monitoring of B cell and innate immune responses is needed to advance our understanding of immunomodulatory mechanisms and tailor therapeutic strategies. Figure 2 illustrates the rationale for development of an optimized candidate therapeutic vaccine against HBV according to current knowledge. As T cell-inducing vaccines so far did not display efficacy in high viraemic patients or patients with high antigen load, any HBVspecific immunotherapy scheme should aim at reducing viraemia as well as antigenaemia prior to vaccination. To reduce viraemia effective directly acting antivirals are available, but they decrease antigenaemia only after longterm treatment -if at all. Antigenaemia is more effectively reduced by neutralizing antibodies, which can be induced by vaccination. An ideal vaccine should therefore first induce neutralizing antibodies and in a second-step T cells. Protein-based vaccines combined with potent adjuvants seem to be well suited for priming in prime-boost vaccination and mainly induce antibodies. Alum-based adjuvants, however, should be avoided since they induce a Th2 type immune response, which can hardly be shifted. Following reduction of viraemia and antigenaemia viral vector vaccines, such as MVA-or adenovirus-based vaccines encoding for HBV antigens are most efficient to induce effective HBV-specific CTL. In addition, the synergistic effect of HBsAg and HBcAg should be exploited to stimulate broad and strong HBV-specific B-and T-cell responses to decrease antigenic load and to break existing immune tolerance in chronically HBV-infected patients. Fig. 2 . Rationale for development of an optimized candidate therapeutic vaccine against HBV. Antiviral drug treatment inhibits HBV replication and thereby efficiently reduces viraemia. HBV surface or core protein prime vaccination stimulates HBV-specific CD4+ T cell help leading to antibody production by HBV-specific B cells. This results in the production of antigen neutralizing antibodies and ideally in seroconversion from HBsAg to anti-HBs. However, only vaccination with recombinant vector vaccines, encoding HBV DNA, seems to be able to induce CD8+ CTL able to kill infected hepatocytes finally resulting in virus clearance. HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen; HBcAg, hepatitis B core antigen; anti-HBs, antibodies against HBsAg; MVA, modified vaccinia virus Ankara.
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